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Abstract
Laser brazing has become firmly established as a joining process in the automotive industry. While this process offers many 
advantages, brazed seams also have to meet particularly high quality requirements. The challenge of creating a suitable online 
quality control system is magnified by the increasing use of aluminum in automotive engineering. This paper introduces recent
works on the development of a system for controlling both aluminum and steel brazing processes. It also discusses some of the 
challenges connected to this task and discloses some of the results derived from the corresponding process analysis.
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1. Motivation and State of the Art
In comparison to other joining techniques, laser brazing offers various advantages. One advantage of this 
technology is the ability to produce durable, ductile and leakproof seams at low processing temperatures. On 
account of these low processing temperatures and a strongly localized heat input, thermal damage to the base 
materials and thermal distortion of the joining partners can be kept to a minimum. In addition, laser brazed seams 
offer exceptionally high surface qualities and the process highly lends itself to automation. Due to these advantages, 
laser brazing has become a widely established process for joining car body components in visible areas. Typical 
applications for this process include laser brazed roof joints and tailgates. The quality demands for these 
applications are exceptionally high, making the use of automatic quality control systems absolutely essential [1].
Surveys have shown that the functionality required by the automotive industry is currently only offered by 
quality control systems which operate in a post process configuration [1]. The quality control is performed offline,
requiring additional space and forming an additional work step. This approach is both time and cost consuming. 
Thus, the development of suitable online quality control systems for laser brazing is highly demanded by the 
industry.
The task of creating a reliable online quality control system is further complicated by the progressive
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diversification of the materials used in car body design. While steel is still the predominant material in automotive 
engineering, the tendency towards more fuel-efficient vehicles has led to the increasing use of aluminum as part of a 
lightweight design philosophy [2]. The different properties of aluminum and steel not only pose a challenge 
regarding process technology, but also lead to new challenges in designing systems which are capable of monitoring 
these processes. Consequently, this paper will discuss some of the aspects that need to be considered when 
designing a process monitoring system suitable for laser brazing both aluminum and steel.
2. Process Analysis
In order to further the development of the new process control system and to gain a deeper understanding of the 
mechanisms involved in the brazing processes, extensive process investigations were conducted at the Fraunhofer 
IPT. An overview of the materials used in these investigations is given in Table 1.
Table 1. Materials used for experimental analysis
Base material Filler material Coating Flux
DC04 (deep drawing steel) CuSi3 Zinc (electrogalvanized) -
AlMgSi1 AlSi12 - Brazetec 30/70 (corrosive)
Brazetec 32/80 (non-corrosive)
To reproduce the typical conditions under which a brazing process is performed in the automotive industry, an 
electrogalvanized deep drawing steel was used for the experiments. In addition to providing corrosion protection for 
the steel, the zinc coating facilitates the wetting of the base metal by the copper-based filler material [3]. Thus, no 
fluxing agent is required for this process. Aluminum alloys, on the other hand, receive their high corrosion 
resistance through the formation of a dense layer of aluminum oxides on the material surface. For brazing 
aluminum, this oxide layer has to be removed, since it prevents an effective wetting of the base material. The 
removal of this oxide layer is commonly achieved through the use of chemical fluxing agents. During the brazing 
process, these fluxing agents also prevent a renewed oxidation of the aluminum by covering the melt pool [4]. The 
presence of a zinc coating on the one hand and the necessity to use fluxing agents on the other hand already 
constitute a basic difference between these two common brazing processes.
Table 2. Materials used for experimental analysis
Element Thermal 
Conductivity λ (20°C)
Specific Heat 
Capacity cp (0-100°C)
Melting 
Temperature Tm
Dynamic 
Viscosity η(Tm)
Surface Tension 
σ(Tm)
- W/(K·m) kJ/(kg·K) °C mPa·s N/m
Al 221   [5] 0.921   [5] 660     [5] 1.1 (700°C)   [6] 0.86     [6]
Cu 393   [5] 0.385   [5] 1083   [5] 4.0   [7] 1.185   [7]
Fe 67     [5] 0.465   [5] 1530   [5] - -
Further differences result from the basic properties of the materials involved. For the primary constituents of the 
alloys used in the experiments, several key figures describing these properties are listed in Table 2. Even though the 
properties of alloys based on these metals may differ from those of the pure metals, these figures may still serve as 
useful indicators. For example, the thermal conductivity of common aluminum alloys and steel qualities is lower 
than that of pure aluminum or iron. Still, aluminum alloys typically possess a thermal conductivity superior to that 
of steel [5]. The remarkable difference in thermal conductivity between aluminum and steel is an important factor 
that has to be considered when brazing these materials. In addition, the melting temperatures of the base materials 
and their respective brazing alloys have to be taken into account. When comparing the phase diagrams of the Cu-Si 
and Fe-C systems, it becomes apparent that the melting intervals of the CuSi3 silicon bronze and the DC04 steel are 
separated by a substantial difference in temperature, as indicated by the data in Table 2. For AlMgSi1 and AlSi12, 
this difference is considerably smaller, since both alloys are based on aluminum. In combination with the high 
754  Sascha Frank et al. / Physics Procedia 12 (2011) 752–760
thermal conductivity of aluminum, this means that the process window available for brazing aluminum is much 
smaller than that for brazing steel. This contributes to the need for developing appropriate systems to control this 
process and generate accurate measurements of its parameters. Yet, a shorter brazing time also leads to increased 
challenges regarding process control itself. 
For laser brazing zinc coated steel, the formation of seam imperfections is frequently attributed to zinc vapor 
which permeates the melt pool [3]. This especially applies to the occurrence of surface pores. These pores usually 
permeate the whole seam vertically, in which case they are also commonly referred to as wormholes. They affect the 
optical appearance of the seam as well as its tightness and may cause expensive rework steps [1]. The variable size 
and sporadic occurrence of pores makes their detection highly challenging. Consequently, the reliable detection of 
pores is highly relevant for potential end users of a quality control system. 
As discussed previously, the formation of surface pores as a direct result of zinc vapor could not be confirmed 
through research at Fraunhofer IPT [8]. Instead, the formation of pores was attributed to irregularities in the wetting 
process. The steel quality used in these investigations is frequently used in the automotive industry and possesses a 
zinc coating of 54 g/m². However, further research was conducted using steel sheets with coatings in excess of 350 
g/m². This increase in coating thickness led to significantly stronger effects of the zinc vapor on the brazing process. 
Consequently, many experiments using this material yielded seams with a much lower surface quality. However, the 
formation of surface pores due to direct effects of the increased amounts of zinc vapor on the melt pool could only 
be documented in cases where filler material was ejected from the seam due to spattering. This means that previous
conclusions regarding the causes of pore formation remain yet unchanged. Still, these experiments showed that the 
effects of zinc vapor on the seam quality strongly depend on the thickness of the zinc coating.
 
Figure 1. Image sequence showing the formation of a pore due to an irregularity in the wetting process
 
Figure 2. Image sequence showing the sudden formation of a pore during an aluminum brazing process
Instances of pores occurring due to an interruption of the steady wetting process were also observed during the 
laser brazing of aluminum, as shown in Figure 1. Yet, the analysis of aluminum brazing processes also revealed an 
additional pore formation mechanism. This second mechanism can essentially be traced back to the influence of 
fumes originating from the fluxing agents. A sample image sequence illustrating this second mechanism of pore 
formation is shown in Figure 2. The image sequence was extracted from a high speed video recording of the 
process, which was recorded at a rate of 15,000 fps. The first three images of the sequence show the sudden 
formation of a pore due to flux fumes permeating the melt pool (0 ms – 0.8 ms). As opposed to the mechanism 
illustrated in Figure 1, the pore is not initiated in the area where braze alloy and base material first come into 
contact. Instead, it actually forms in the middle of the melt pool. The process, in which this pore suddenly appears 
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and expands takes up less than 0.8 ms in total. The video recording clearly shows fumes escaping through the 
opening, here illustrated in the fourth image of the sequence (6.8 ms), indicating flux fumes as a likely cause for this 
mechanism. As demonstrated in the fifth image, the pore remains open for a duration of approximately 11.7 s. After 
a total time of 12.5 ms into the sequence, the pore starts closing again. This process is illustrated in images six and 
seven (13.9 ms – 14.7 ms). As can be seen in the final image of the sequence (20.9 ms), the pore fully closes again, 
leaving a completely smooth joint surface without any failures. The whole process is completed within 20.9 ms. For 
comparison, the image sequence shown in Figure 1 took a total time of 75.0 ms to complete. This shows that the 
process depicted in Figure 2 is highly dynamic. As opposed to the previously identified mechanism, the formation of 
pores due to flux fumes may also happen in different areas of the melt pool.
In this example, a smooth joint surface remains after the pore has closed again. In other instances, the opening 
and closing of pores has been observed to result in a scaly appearance of the seam surface. The pores may also 
remain open long enough to solidify, resulting in the formation of a seam imperfection. As illustrated by the images 
in Figure 3, both phenomena may even coincide. The highly dynamic nature of this process is ascribed to the low 
viscosity of the aluminum melt, which is roughly equivalent to that of water at room temperature [9]. A low 
viscosity signifies a fluid of low internal friction. It facilitates the escape of gas inclusions and consequent closing of 
cavities [10]. Conversely, liquids of high viscosity are prone to gas inclusions [11].
 
Figure 3. Coincidence and separate occurrence of pores and a scaly seam surface
In addition to the viscosity, the surface tension of the melt is highly relevant to the brazing process. The surface 
tension results directly from the cohesion forces acting between the molecules of the liquid. Molecules near the 
surface are not subject to equal cohesive forces from all sides, resulting in a force which pulls these molecules 
inwards and minimizes the surface area of the liquid. Figure 4a illustrates this principle. The formation of surface 
pores is equivalent to increasing the surface area of the liquid and will consequently be counteracted by a high 
surface tension. On the other hand, as illustrated by Figure 4b, a high surface tension can also prevent a wormhole 
funnel that has already formed from closing again. In addition, it is highly likely that the funnel shape itself as well 
as the circular profile of the pores may be traced back to the surface tension of the melt.
 
Figure 4. (a) Surface tension in a droplet; (b) Surface tension in the funnel of a wormhole
According to the data compiled in Table 2, the surface tension of copper exceeds that of aluminum by 38%. In 
addition, the viscosity of copper is significantly higher. Taking into account the previous considerations regarding 
viscosity and surface tension, this delivers an explanation why pores are much more likely to close again during 
aluminum brazing processes than they are in a process involving CuSi3 filler material. This is not only supported by 
process observations, but also by the fact that a much lower number of small pores (< ø200 μm) was encountered 
when analyzing brazed aluminum seams than in seams brazed using CuSi3. In summary, it may be deducted that the 
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low surface tension and low viscosity of aluminum facilitate the formation of pores due to flux fume eruptions, yet 
also facilitate the re-closing of pores, leading to a highly dynamical process.
The fact that pores in the aluminum melt frequently happen to collapse also shows that the forces resulting from
surface tension alone may not be sufficient to maintain open wormhole pores in the melt. However, the fumes which 
have been observed to escape through these pores will exert additional forces due to their vapor pressure. This leads 
to the conclusion that aluminum pores result from the concurrence of surface tension and the vapor pressure of 
escaping flux fumes. In addition, the mechanism illustrated in Figure 2 could only be observed in experiments using 
the corrosive flux F30/70. When the non-corrosive F32/80 flux was used, only pores which formed according to 
irregularities in the wetting process could be documented. This is attributed to higher amounts of fume emissions 
from the corrosive flux type.
Data regarding the emissions of non-corrosive fluxes was published by flux manufacturer Solvay [12]. Due to the 
similar composition of most non-corrosive fluxes, this data may also be applied for the use of the specific F32/80 
type flux. According to the published results of thermogravimetric analyses, most aqueous components will 
evaporate at temperatures of less than 250°C. This temperature lies well below the working temperature ranges of 
570°C - 660°C [13] for the non-corrosive flux and 520°C - 660°C [13] for the corrosive flux. This infers that the 
hygroscopic properties of corrosive fluxes do not influence fume emissions in the process zone significantly. The 
data provided by Solvay also shows that fume emissions are minimal below the melting temperature of the flux, 
which marks the lower end of the working temperature range [12]. Once the working temperature of the flux has 
been reached, the onset of a rapid vaporization was recorded. Unfortunately, similar data could not be gathered for 
corrosive fluxes. However, corrosive fluxes possess a lower working temperature range due to the use of chlorides 
[14]. For non-corrosive fluxes, fume emissions increase significantly once the melting temperature has been 
reached. Consequently, the lower melting temperature of corrosive fluxes delivers a plausible explanation for 
increased amounts of fume emissions from this flux type.
This analysis suggests that the newly discovered pore formation mechanism only applies to brazing aluminum 
using corrosive fluxes. Still, the use of fluxes may also lead to the formation of other seam imperfections, e.g. the 
occurrence of one-sided wetting or seam interruptions due to non-uniform flux application. This may be avoided 
altogether by joining the workpieces using a flux-free brazing process like the one introduced by Donst [15].  
3. Process Control System
The process monitoring system used in these investigations is based on the modular Coaxial-Process-Control-
System (CPC-System) [16]. For easy integration into standard-issue industrial brazing heads, the CPC-System 
integrates two cameras coaxially into the optical path of the processing laser. This setup is illustrated in Figure 5.
The first camera operates with an external illumination, generating an image of the process zone in the visible (VIS)
spectrum. The external illumination consists of a diode laser with a maximum output power of Pmax = 32 W and an 
operating wavelength of O = 808 nm. It is also integrated coaxially into the optical path of the processing laser. The 
second camera operates in the near-infrared (NIR) spectrum, detecting radiation at wavelengths between
1200 and 1700 nm. It generates a spatially resolved distribution of the thermal radiation. Table 3 gives an overview 
of the settings of both cameras, that synchronously monitor the brazing process in the two spectra. By combining 
these two signals, process parameters like brazing velocity, orientation of the brazing wire and position of the laser 
spot can be detected as well as process failures like pores, wetting behavior and surface appearance.
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Table 3. Camera specifications
Camera Type Spectral Range Sensor Resolution Pixel Size Frame Rate Exposure 
Time 
- nm Pixel² m² fps s
CMOS Camera (VIS)
Photonfocus MV1-D1312i
350 – 1100
here: 808
1312x1082 (max.)
here: 1024x440
8x8 108 (full res.)
here: 300
10 (min.)
here: 100
NIR Camera
Xenics XEVA-FPA-1.7-320
900 – 1700
here: 1200 – 1700
320x256 (max.)
here: variable
30x30 ca. 100 (full res.)
here: 300
1 (min.)
here: 300
Process images captured by the CPC-System are shown in Figure 6. The top row of images shows the brazing of 
galvanized steel, while the bottom row shows the brazing of aluminum. Both seams are double flanged seams. In the 
visible spectrum, a top view of the process zone and the resulting seam surface is obtained. This data is particularly 
useful for controlling parameters like brazing velocity and surface quality. The NIR images show the thermal 
radiation emitted during the process, depicting the heat distribution on the surface of the work pieces.
 
Figure 5. Optical setup of the CPC-system
 
 
 
 
 
Figure 6. Sample images of brazing processes captured using the CPC system
 
Figure 7. Overview of different process conditions as recorded by the NIR camera during steel brazing processes; (a) Standard brazing position;
(b) Simulated misalignment of the laser spot position by 0.2 mm; (c) one-sided wetting; (d) Process where the brazing wire is not fully fused
(a) (b) 
(c) 
(d) 
filler 
wire 
solidified 
seam 
melt pool 
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A comparison of the NIR images in Figure 6 reveals that only the area in the immediate vicinity of the laser spot
is captured by the NIR camera when brazing aluminum. As opposed to the steel brazing process, the solidifying
seam remains dark in the NIR image. The two main factors contributing to this effect are the process temperature 
and thermal conduction. As indicated by the data in Table 2, aluminum is brazed at a much lower temperature than 
steel. According to Wien’s displacement law, a lower process temperature means that the maximum intensity of the 
thermal radiation shifts to higher wavelengths, exceeding the sensitive range of the NIR camera (up to 1700 nm). 
Consequently, the NIR camera can only detect infrared radiation emitted from the central part of the process zone, 
where the process temperatures are sufficiently high. In addition, the high thermal conductivity of aluminum causes 
the heat to drain quickly from the process zone. As a result, this not only means that the brazing time is particularly 
low, but also that the area in which it is possible to monitor the heat distribution of the process is particularly small.
Hence, the information that can be gathered from the NIR-images is more limited when monitoring an aluminum 
brazing process than it is for brazing steel. Yet, the approach of gathering data from both the NIR- and VIS-spectra 
offers the unique opportunity of compensating this effect up to a certain degree by combining both data sets.
The heat distribution shown in the images of Figure 6 is almost symmetrical, indicating a proper adjustment of 
laser spot and filler wire to the seam. Changes in the heat distribution, as shown in Figure 7, indicate a misalignment 
of the laser spot or the occurrence of seam imperfections like one-sided wetting, which may be hard to identify in 
the visible spectrum. Due to their low contrast against the seam surface, the detection of pores is especially difficult.
However, pores are strongly contrasted against the seam in the NIR spectrum, making them much easier to detect.
4. Image Processing
Process irregularities like an unsteady relation of wire feed and brazing speed can lead to the formation of seam 
imperfections [8]. Yet, e.g. in the case of robot applications, the actual value of parameters like the process velocity 
may not be precisely known at all times during the process [17]. Therefore, the detection of process parameters can
be an essential tool for process optimization and quality control. By using a block-matching algorithm to evaluate 
the image information captured in the VIS-spectrum, the brazing velocity can be measured during the process [18].
In this method, a characteristic pattern (block) of the image is tracked in two consecutive images of a sequence to 
determine its displacement in both directions of the image plane. This displacement is multiplied with the temporal 
information (frame rate) in order to gain the actual travel speed of the relative motion [17]. By measuring the 
process velocity, it also becomes possible to record the position of seam imperfections which are detected during the 
process.
In addition to detecting process parameters, image processing algorithms may also be used to directly detect seam 
imperfections. An example for this is the automatic detection of pores, as illustrated in Figure 8. In a first step, a 
binary version of the image is generated using different filters. In this binary image, dark objects may easily be 
identified using object recognition algorithms. Potential pores which are detected by these algorithms are marked by 
blue contours in Figure 8. For every object, the geometric center is calculated and marked with a white dot. Still, not 
all objects detected by this method are pores or seam imperfections. Hence, the shape and velocity of the objects is 
used for further classification. Objects are registered as pores when they are positively identified in at least three 
consecutive frames using these criteria. The geometric center of these objects is marked with a red dot in Figure 8.
The outer contour of the heat distribution is also detected and marked green in this example.
 
Sascha Frank et al. / Physics Procedia 12 (2011) 752–760 759
 
Figure 8. Illustration of pore detection for brazing steel (top) and aluminum (bottom)
As mentioned above, the area which may be monitored using an NIR camera becomes much smaller when 
brazing aluminum. This makes it much more challenging to detect pores. Nevertheless, the formation of pores may 
still be detected, as shown by the bottom row of Figure 8. However, the detection is limited to a few frames, making 
it difficult to track pores over a certain number of frames In addition, small pores are particularly likely to collapse 
when brazing aluminum. Hence, it is not possible to draw a conclusion regarding the solidification of these pores 
from the NIR images. 
The symmetry of the outer contour of the thermal process signature (green line in Figure 8) provides information 
about the correct alignment of the laser spot (Figure 7a and 7b). If the laser spot is misaligned in relation to the joint 
center, the outer contour of the thermal radiation becomes asymmetric and its geometric center is displaced. The 
displacement of the geometric center indicates the direction of the misalignment. A misaligned laser spot strongly 
increases the probability for the occurrence of one-sided wetting. Hence, the detection of this process parameter may 
be used indirectly to detect this type of seam imperfection.
5. Summary and Conclusion
When comparing the brazing of aluminum and steel, it becomes obvious that the distinctive properties of each 
material affect the process in ways which are relevant both for process design as well as for process control. The 
results of the process analysis which were discussed may be summarized as follows:
x Pores may occur due to irregularities in the wetting process. This mechanism is not limited to processes involving 
steel and silicon bronze, but also applies to the brazing of aluminum.
x When brazing aluminum using corrosive fluxes, pores may also be caused directly by flux fumes acting on the 
melt pool.
x In aluminum brazing processes, pores are also much more likely to close before the seam solidifies. This is most 
likely caused by the low viscosity and low surface tension of aluminum.
x The high thermal conductivity of aluminum makes controlling the process by means of thermography 
increasingly challenging while also leading to a shorter brazing time. 
Aluminum brazing processes can be much more dynamic than steel brazing processes in which silicon bronze is 
used. Reasons for this are the lower viscosity and surface tension of the aluminum-based filler material as well as 
the use of fluxes. The high thermal conductivity of aluminum leads to additional challenges regarding process 
control. The CPC-System shown in this paper offers the unique opportunity of facing this challenge by 
simultaneously evaluating process data from two different spectral regions. Due to this approach, the system also 
offers a larger flexibility towards the use of different materials than one which relies on only a single analysis 
method. In addition, the system can easily be adapted to deliver a more specialized process monitoring solution due 
to its modular setup.
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